We determined the frequency of DNA recombination between Bombyx mori nucleopolyhedroviruses (BmNPVs) and between BmNPV and the closely related Autographa californica NPV (AcMNPV) in BmN cells, Sf-21 cells, and larvae of Heliothis virescens. The BmN cells were coinfected with two BmNPVs, one with a mutation at the polyhedrin gene (polh) locus and a second carrying a lacZ gene marker cassette. Eleven different BmNPV mutants carrying the lacZ gene marker at various distances (1.4 to 61.7 kb) from polh were used for the coinfections. The Sf-21 cells and larvae of H. virescens were coinfected with wild-type AcMNPV and 1 of the 11 lacZ-marked BmNPV mutants. In BmN cells, high-frequency recombination was detected as early as 15 h postcoinfection but not at 12 h postcoinfection. At 18 h postcoinfection, the mean frequency of recombination ranged between 20.0 and 35.4% when the polh and lacZ marker genes were separated by at least 9.7 kb. When these marker genes were separated by only 1.4 kb, the mean frequency of recombination was 2.7%. In BmN cells, the mean recombination frequency between two BmNPVs increased only marginally when the multiplicity of infection of each virus was increased 10-fold. In Sf-21 cells and the larvae of H. virescens, the recombination frequency between BmNPV and AcMNPV was <1.0%. AcMNPV DNA replication occurred normally after the coinfection of Sf-21 cells. BmNPV DNA replication, however, was not detected, indicating that normal DNA replication by both viruses is required for high-frequency recombination.
The Baculoviridae are characterized by large (to Ͼ178 kb) double-stranded, circular, DNA genomes and rod-shaped, enveloped virions. Several hundred baculovirus species have been identified and classified into two genera: nucleopolyhedrovirus (NPV) and granulovirus (2) . The 133,894-bp genome of the baculovirus-type species Autographa californica NPV (AcMNPV) was the first to be completely sequenced (1) . Subsequently, at least 12 baculoviruses have been sequenced (18) , including the 128,413-bp genome of Bombyx mori NPV (BmNPV) (12) . BmNPV shows Ͼ90% nucleotide sequence identity to AcMNPV over 78% of its genome (comparison of 115 of 136 homologous open reading frames [ORFs] ) (12) . Despite high homology at the nucleotide, amino acid, and genome organization levels (16) (17) (18) , BmNPV and AcMNPV show unique host specificities. The host range of BmNPV is narrow, whereas that of AcMNPV is relatively wide (13) . BmNPV replicates strongly in B. mori-derived cell lines and larvae, whereas AcMNPV replicates strongly in Spodoptera frugiperda-derived cell lines and larvae (22) . Conversely, Bm-NPV (36) and AcMNPV (20) are only weakly permissive in S. frugiperda-and B. mori-derived cell lines, respectively.
During the baculovirus life cycle two forms of progeny are produced, a budded virus and an occluded virus. The occluded viruses of the NPV are referred to as polyhedra. The major protein component of the polyhedra is polyhedrin. Polyhedrin is not essential for virus replication in cell culture, and its gene (polh) is driven by a strong, very late promoter. The presence or absence of polyhedrin can be visualized under light microscopy. These characteristics were exploited by the Summers and Smith (52) and Miller (39) laboratories to establish a baculovirus-based eukaryotic gene expression system that is now in common use. This expression system depends upon homologous recombination between baculovirus genomic DNA and plasmid DNA carrying a foreign gene that is flanked by baculovirus target sequences. After the transfection of baculovirus and plasmid DNAs, recombinant viruses are observed at a frequency of ca. 1 to 2% (34) .
Baculoviruses isolated from individual, field-collected insects are often composed of a mixture of genomic variants (5, 19, 29, 33, 49, 50) . This suggests that recombination, mutation and/or transposition are common occurrences in baculoviruses. Transposition of AcMNPV by TED, a retrotransposon derived from insect Trichoplusia ni cells grown in culture, is the first example of the integration of a transposable element into a eukaryotic viral genome (38) . The piggyBac (also known as IFP2) transposable element from T. ni is also involved in integration into the baculovirus genome (4, 10) . Transposition may be responsible for the presence of 20 or more genes of putative eukaryotic and prokaryotic origin that are found in baculovirus genomes (3, 16, 28, 47) . Recombination after the coinfection of baculoviruses with high to moderate homology has been demonstrated in cultured insect cells (7, 15, 25, 30, 44, 51, 53) and insect larvae (37, 44) . In these studies, the recombination frequencies were in general described as "high" ranging from ca. 6 .6% in larvae injected with AcMNPVs (37) to nearly 46.9% for genomic variants of Anticarsia gemmatalis MNPV (7) . Recombination between homologous regions of AcMNPV and BmNPV after coinfection has been shown to result in AcMNPV-BmNPV chimeric viruses with expanded host ranges (25, 40, 56) . The occurrence of defective interfering particles after serial passage of baculoviruses at high multiplicities of infection (MOIs) also suggests that recombination occurs frequently (26, 46, 55) .
In the present study, the timing and frequency of homologous recombination were determined between two BmNPVs and between BmNPV and AcMNPV after coinfection. In BmN cells coinfected with two marked BmNPVs, high-frequency recombination was detected as early as 15 h postcoinfection but not at 12 h postcoinfection. High-frequency recombination occurred relatively uniformly throughout the BmNPV genome since long marker genes were separated by at least 9.7 kb. Increasing the MOI resulted in only marginal increases in the recombination frequency. High-frequency recombination was not found in Sf-21 cells or larvae of Heliothis virescens coinfected with BmNPV and AcMNPV. After the BmNPV-AcMNPV coinfections, AcMNPV showed normal levels of DNA replication, whereas BmNPV did not, indicating that normal DNA replication by both viruses is required for high-frequency recombination.
MATERIALS AND METHODS
Insect cell lines, viruses, and plaque assay. The BmN-4 (BmN) (31) and IPLB-Sf-21-AE (Sf-21) (54) cell lines were cultured at 27°C in TC-100 medium supplemented with 10% fetal bovine serum and ExCell 401 medium (JRH Biosciences) supplemented with 2.5% fetal bovine serum, respectively. The BmNPV mutants (viruses A to L) ( Fig. 1) were propagated in BmN cells. Virus A possesses two mutations: C to A at nucleotide 480 of polh and T to C at nucleotide 846 of orf1629. The C-to-A mutation within polh generates a premature stop codon (TAA) after amino acid residue 159 of polyhedrin. The T-to-C mutation within orf1629 is silent. Viruses B to L (11, 24) each carry a lacZ marker cassette (␤-galactosidase gene driven by a Drosophila melanogaster heat shock promoter [hsp70]) within a single BmNPV ORF as indicated in Fig. 1 . The 12 BmNPV mutants showed essentially indistinguishable growth curves on BmN cells, reaching plateau titers of at least 10 8 PFU/ml by 48 h postinfection (p.i.) (data not shown). The hsp70 promoter shows relatively strong activity in lepidopteran cells such as BmN and Sf-21 regardless of heat induction (23, 57) . AcMNPV C6 (1) was propagated in Sf-21 cells. Viral titers and the phenotype of parental and recombinant viruses were determined by plaque assay on BmN or Sf-21 cells, as appropriate, as described previously (31) . In order to visualize plaques and detect ␤-galactosidase expression, a second agarose overlay (3.0 ml) containing 0.1% (wt/vol) neutral red and 0.6 mg of X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) was added at 4 or 5 days after the initial overlay. Under these conditions, virus A generated plaques that were polyhedrin negative and "white" and viruses B to L generated plaques that were polyhedrin positive and blue. These plaque phenotypes were easily visualized under light microscopy.
Coinfection of cell cultures. BmN or Sf-21 cells (4 ϫ 10 6 cells) in 60-mmdiameter culture dishes were coinfected with viruses at an MOI of 5 PFU per cell of each virus except as indicated. After the 1-h viral adsorption period, the cells were washed twice with 2.0 ml of fresh medium and cultured at 27°C in 4.0 ml of fresh medium. In all experiments, time zero was defined as the point at which fresh medium was added after the 1-h viral adsorption period. At the appropriate time postcoinfection, 200 l of the culture supernatant was collected, centrifuged (10,000 ϫ g for 3 min) to remove cell debris, and stored at 5°C or Ϫ80°C prior to plaque assay analysis as described above. Each coinfection experiment was repeated at least three times. policeman, and 10 4 cells were collected by centrifugation (2,000 ϫ g for 3 min), washed with phosphate-buffered saline (pH 6.2), and stored at Ϫ80°C. Total cell DNAs were released from the cell pellet as described previously (41) with supersaturated NaI, followed by boiling for 10 min. The released DNAs were dot blotted to a nylon membrane (Zeta-Probe; Bio-Rad Laboratories) and fixed by UV cross-linking. The fixed DNAs were hybridized with digoxigenin (DIG)-labeled AcMNPV genomic DNA or pUC-derived plasmid DNA (pTZ18R) containing the lacZ gene and detected with disodium 3-(4-methoxyspiro{1,2-dioxetane-3,2Ј-(5Ј-chloro)-tricyclo[3.3.1.1 3Ј7 ]decan}-4-yl)phenyl phosphate (CSPD) by using a DIG-High Prime DNA labeling and detection kit (Roche Molecular Biochemicals). The nylon membrane was rehybridized after the first probe (DIGlabeled AcMNPV genomic DNA) was stripped by boiling for 5 min in 10 mM Tris (pH 7.5)-0.1% sodium dodecyl sulfate, followed by incubation at 80°C for 1 h.
Insect larvae and insect inoculation. Tobacco budworm (H. virescens) eggs were obtained from a colony maintained by the U.S. Department of Agriculture Agricultural Research Service in Stoneville, Mississippi. The larvae of H. virescens were reared on tobacco budworm artificial diet (Southland Products, Inc.). A colony of silkworms (B. mori) is continually maintained in the laboratory on Silkmate Series M artificial diet (Nosan, Yokohama, Japan). All larvae were reared at 27°C on a 12-h light-12-h dark cycle. Fifth-instar H. virescens or B. mori was injected with 10 l of a viral suspension containing 10 5 PFU of AcMNPV or virus G, respectively, in order to generate polyhedra. Polyhedra were purified from infected larvae by centrifugation and resuspension in doubledistilled H 2 O as described previously (45) . Purified polyhedra were diluted in double-distilled H 2 O and quantified by using a hemacytometer with 1/400-mm 2 grids (Kayagaki Irika Kogyo, Tokyo, Japan). In order to determine recombination frequencies, third-instar H. virescens was coinoculated with 3,000 polyhedra from AcMNPV and 3,000 polyhedra from virus G. The polyhedra were applied to a small plug of diet in individual containers, and only larvae that completely ingested the contaminated diet within 6 h were further reared. At 72 and 120 h p.i., 5 l of the hemolymph was collected, the volume adjusted to 1 ml with ExCell 401 medium, filter sterilized, and stored at Ϫ80°C prior to plaque assay analysis as described above. Probit analysis (9) was performed with the aid of the POLO (48) computer program.
RESULTS

Frequency of recombination over time.
In order to determine when and to what extent homologous recombination occurs between two essentially identical baculoviruses, virus A and virus G were coinfected onto BmN cell monolayers at an MOI of 5 for each virus. The polh mutation of virus A and lacZ marker cassette of virus G are separated by 69.7 and 58.7 kb in the clockwise direction on the circular BmNPV map (32) . At 2, 12, 15, 18, 24, and 48 h postcoinfection, progeny viruses in the supernatant were collected and analyzed by plaque assay on BmN cells. The parental viruses, viruses A and G, generated plaques that were polh Ϫ lacZ Ϫ and polh ϩ lacZ ϩ , respectively. Should an even number of crossover events occur following the coinfection, the progeny viruses will generate only four types of plaques, the two original parental phenotypes and two recombinant phenotypes: polh Ϫ lacZ ϩ and polh ϩ lacZ Ϫ ( Fig. 2A ). The mean recombination frequencies after coinfection of viruses A and G are shown in Table 1 ϩ ) was found after the coinfection of viruses A and J, and another recombinant virus (polh ϩ lacZ Ϫ ) was found after the coinfection of viruses A and K at 12 h postcoinfection. These recombinant viruses represented a mean recombination frequency of Ͻ0.5%. At 15 h postcoinfection the mean recombination frequencies ranged between 6.8 and 20.9% except after the coinfection of viruses A and L, which showed a mean recombination frequency of 1.5% (data not shown). The mean recombination frequencies at 18 h postcoinfection of virus A with viruses B to L are shown in Table 2 . The mean recombination frequencies ranged between 20.0 and 35.4%, except after the coinfection of viruses A and L, which again showed a lower mean recombination frequency of 2.7%. At 24 h postcoinfection, the mean recombination frequencies for all of the coinfections were essentially the same as those observed at 18 h postcoinfection (data not shown). The viral titers at all of the time points tested were typical of wild-type BmNPV in BmN cells, indicating that there was no interference nor enhancement of virus replication following these coinfections (data not shown).
Effect of MOI on the frequency of recombination. The effect of raising (10-fold) or lowering (5-and 50-fold) the MOI on the mean recombination frequency are shown in Tables 3 and  4 . Recombinant viruses were not detected at 12 h or earlier times postcoinfection of viruses A and G or viruses A and L at an MOI of 50, 1, or 0.1 of each virus (data not shown). After the coinfection of viruses A and G (Table 3) at an MOI of 50 of each virus, the mean recombination frequency remained relatively constant at ca. 33% at 18 h and later times postcoinfection. After coinfection at an MOI of 1 of each virus, the mean recombination frequency decreased from ca. 24% at 18 and 24 h postcoinfection to roughly 18% at 36 and 48 h post- 
coinfection. In contrast, after coinfection at an MOI of 0.1 of each virus, the mean recombination frequency remained constant at ca. 7% until 36 h postcoinfection and then increased (16.3%) at 48 h postcoinfection. After the coinfection of viruses A and L (Table 4) at an MOI of 50 of each virus, the mean recombination frequency roughly doubled from 2.4% at 18 h postcoinfection to 4.8% at 24 h and later times postcoinfection. After the coinfection of viruses A and L at an MOI of 0.1 of each virus, the mean recombination frequency remained at Ͻ1% at 36 h and earlier times postcoinfection and then increased to 4% at 48 h postcoinfection. Frequency of recombination between BmNPV and AcMNPV. As mentioned in the introduction, BmNPV and AcMNPV share very high homology at the nucleotide sequence and genome organization levels but have essentially nonoverlapping host ranges. In order to analyze the effect of relatively small nucleotide sequence differences between BmNPV and AcM-NPV on the recombination frequency, viruses B to L were individually coinfected with AcMNPV onto Sf-21 cells at an MOI of 5 of each virus. At 12, 18, and 24 h postcoinfection, viruses in the supernatant were collected and analyzed by plaque assay on Sf-21 cells. By using Sf-21 cells for plaque assay, the BmNPV parent viruses are selected against and only two plaque phenotypes are generated (Fig. 2B) . Thus, blue plaques most likely result from a recombination event that transfers the lacZ marker cassette from the BmNPV mutant to AcMNPV, whereas white plaques are most likely generated by AcMNPV. Both the blue and white plaques produce polyhedra (polh ϩ ) assuming that random mutation of polh does not occur. After these coinfections, recombinant viruses were not detected at 12 h postcoinfection. The recombination frequencies were in general 1.0% or lower at 18 h postcoinfection (Table 5 ) and 1.9% or lower at 24 h postcoinfection (data not shown). The virus titers in the supernatant at 12 h (low-10 5 PFU/ml range), 18 h (mid-10 6 PFU/ml range), and 24 h (low-10 7 PFU/ml range) postcoinfection were similar to those observed after the single infection of Sf-21 cells with AcMNPV, indicating that BmNPV did not inhibit nor enhance the replication of AcMNPV. Dot blot hybridization. Compared to the high-frequency recombination that was found after the coinfection of two BmNPVs, the recombination frequencies after the coinfection of BmNPV and AcMNPV were dramatically lower. In order to determine whether this dramatic reduction occurred in conjunction with a deficiency in viral DNA replication, dot blot hybridizations of total cellular DNAs isolated from coinfected or singly infected Sf-21 or BmN cells were performed (Fig. 3) . In Sf-21 cells, virus-specific DNA replication of ca. 50 ng of Frequency of recombination in insect larvae. In order to analyze the recombination frequency through the natural route of infection in insect larvae, third-instar H. virescens was fed a mixture of 3,000 AcMNPV polyhedra and 3,000 virus G polyhedra. At 72 and 120 h postcoinfection, progeny viruses in the hemolymph were collected and analyzed by plaque assay on Sf-21 cells. As is the case after the coinfection of Sf-21 cells with AcMNPV and virus G, only two plaque phenotypes (Fig.  2B) were observed after plaque assay on the Sf-21 cell monolayers. The recombination frequencies in larvae (Table 6) were in general ϳ50-fold lower than that found after the coinfection of Sf-21 cells. At 72 and 120 h postcoinfection, the virus titer in the hemolymph was 2.8 ϫ 10 8 and 8.2 ϫ 10 8 PFU/ml, respectively, these titers were similar to those found in third instar H. virescens that were singly infected with AcMNPV. Time-mortality analysis of larvae orally infected with AcMNPV and virus G indicated that the lethal time needed to produce 50% mortality was 115.8 h (102.4 to 126.5 h, 95% fiducial limits). Oral inoculation with 3,000 AcMNPV polyhedra showed similar mortality, whereas mortality did not occur after oral inoculation with 3,000 virus G polyhedra.
DISCUSSION
We established here a model system to analyze the onset and frequency of DNA recombination between essentially identical or highly homologous baculoviruses, each carrying marker genes that generated unique phenotypes that were easily visualized by light microscopy. After the coinfection of two BmNPVs (viruses A and G) in which the marker genes were separated by at least 58.7 kb, the mean recombination frequency reached a maximum of ca. 28% at 18 and 24 h postcoinfection and decreased slightly to ca. 25% at 48 h postcoinfection. Recombination was not detected at 12 h or earlier times postcoinfection but could be detected at a frequency of 11% at 15 h postcoinfection. Our findings are the first to show that high-frequency recombination occurs as early as 18 h postcoinfection and possibly as early as 15 h postcoinfection. Here, we arbitrarily define high-frequency recombination as a mean recombination frequency of Ն20%. Hajos et al. (15) observed a mean frequency of recombination of 23% at 72 h in Sf-21 cells coinfected with two AcMNPV mutants at an MOI of 5 of each virus. In similar experiments, Croizier and Ribeiro (7) observed recombination frequencies of between 26.5 and 46.9% at 14 days in Sf-9 cells coinfected with two Anticarsia gemmatalis NPV variants at an MOI of 8 of each virus. The recombination rates that were determined in our study and by other researchers are based upon recombination events that could be detected due to a change in phenotype. Recombination events that (i) occur between the marker genes or (ii) result in the reversion to the parental phenotype (i.e., the occurrence of an even number of recombination events) should increase these "observed" recombination frequencies.
In order to assess the effects of the physical distance between the marker genes and/or regional differences in the sequences flanking the marker genes on the recombination frequency, virus A was individually coinfected with viruses B to L (Fig. 1 ) at an MOI of 5 of each virus. At 15 h postcoinfection, the mean recombination frequencies after these coinfections ranged between 6.8 and 20.9% when the marker genes were separated by at least 9.7 kb. At 18 h postcoinfection, the mean recombination frequencies in general increased by twofold in comparison to those found at 15 h p.i. The mean recombination frequencies at 18 h postcoinfection ranged between 20.0 and 35.4%. When two marker genes were relatively close together (i.e., separated by only 1.4 kb) as was the case for viruses A and L, the mean recombination frequency was significantly lower (i.e., 1.5 and 2.7% at 15 and 18 h postcoinfection, respectively). It is possible that this low frequency of recombination was an inherent characteristic of the ORF 134 locus. However, the fact that low-frequency recombination was not detected between any of the other marked loci suggests that there is a minimum separation requirement for high-frequency recombination. Kumar and Miller (27) identified two regions within the PstI-G and PstI-I fragments (8.6 to 10.2 and 14.3 to 17.9 map units) of AcMNPV in which deletions frequently occur after serial passage of AcMNPV in cultured cells of Trichoplusia ni. In our experiments, these regions corresponded most closely to the location of the lacZ marker genes in virus B (ORF 13) and virus C (ORF 26). In our hands, the lacZ marker genes of viruses B and C did not show any increased propensity to undergo recombination after coinfection with either virus A ( Table 2) or AcMNPV (Table 5) .
A single gene was deleted in each of the 12 BmNPV mutants (viruses A to L) that were used in these studies. Each of these mutants showed identical replication rates (i.e., generated growth curves that were statistically identical [data not shown]) to the each other and to the wild-type parent BmNPV. Furthermore, the viral titers found in the supernatant of coinfected BmN cells were statistically identical to each other. These findings suggest that deletion of the individual genes did not affect the fitness of the mutant BmNPVs or their ability to undergo homologous recombination. We did, however, find that the calculated recombination frequency with respect to a single locus (i.e., the frequency of the generation of only one of the recombinant phenotypes in relation to the only one of the parental phenotypes) was not uniform after several of the coinfections. This was most pronounced after the coinfection of viruses A and H (ORF 81) in which virus H appeared to lose the lacZ marker cassette approximately five times (i.e., 71.8% Ϭ 14.5% ϭ {[187/(187 ϩ 74) Ϭ [68/(68 ϩ 401]}) more easily than it was gained by virus A. If we assume that there is sufficient sequence homology flanking the lacZ marker cassette at the ORF 81 locus, it is possible that an intramolecular recombination event (after the first single crossover, but prior to the second single crossover) resulted in the deletion of the lacZ cassette. Coinfection of virus A and another BmNPV mutant in which ORF 80 (immediately upstream of ORF 81) was deleted, however, did not show this tendency (data not shown). Thus, a more likely explanation for this discrepancy is that the fitness of the recombinant (i.e., virus lacking the lacZ cassette at the ORF 81 locus) was slightly improved over the parental virus, resulting in an increase or faster release of progeny virions.
The mean recombination frequency increased marginally from 28.3 to 31.7%, a 12.0% increase, at 18 h postcoinfection after a 10-fold increase in the MOIs of viruses A and G from 5 to 50 of each virus. In similar experiments, Hajos et al. (15) reported that the mean recombination frequency of two AcMNPVs increased from 23 to 41% by increasing the MOIs from 5 to 20. Summers et al. (53) inoculated T. ni cells with AcMNPV and the closely related Rachiplusia ou NPV at an MOI of 500 of each virus and reported a minimum recombination frequency of 7%. These findings suggest that increasing or decreasing the MOI beyond what is minimally necessary (i.e., for each cell to be infected with at least one of each virus) for coinfection has relatively little effect on increasing the recombination frequency. On the other hand, even following the inoculations at an MOI of 0.1 of viruses A and G, the mean recombination frequency appeared to significantly decrease. Poisson distribution predicts that after the inoculation of a population of cells at an MOI of 0.1 of each virus, roughly 82% of the cells will be uninfected, 16% will be infected with one virus, and 2% will be infected with two or more viruses. Thus, after the inoculations at an MOI of 0.1 of viruses A and G, the detected recombination frequency was most likely skewed lower by the release of nonrecombinant progeny from cells (16% of population) infected with only one of the parental viruses. Thus, the results after either high or low MOI coinfections suggest that the viral replication process itself is critical for high-frequency homologous recombination.
BmNPV and AcMNPV share high genome homology, and BmNPV is considered to be weakly permissive in Sf-21 cells. Thus, after the coinfection of Sf-21 cells with BmNPV and AcMNPV, we initially predicted that the recombination frequency between BmNPV and AcMNPV would only be marginally lower than that found after the BmNPV-BmNPV coinfections. To our surprise, however, the recombination frequencies between BmNPV and AcMNPV (Table 5) were significantly lower than those found after the BmNPV-BmNPV coinfections ( Table 2 ). The recombination frequencies between BmNPV and AcMNPV were similar to that found after the transfection of genomic viral DNA and recombinant transfer vector plasmid DNA for the generation of recombinant baculoviruses. Early events in the BmNPV infection cycle such as attachment, nucleocapsid translocation, and uncoating occur normally occur normally in most Sf-21 cells (41, 42) . Thus, our findings suggest that a late event such as DNA replication is critical for high-frequency recombination to occur. After the coinfection of viruses A and G (BmNPV-BmNPV coinfection) onto BmN cells, ca. 25 and 150 ng of BmNPV DNA (per 10 4 cells) were detected at 12 and 15 h postcoinfection, respectively, indicating that BmNPV DNA replication is occurring actively at these times. In contrast, BmNPV-specific DNA replication was not detected in the BmNPV-AcMNPV coinfected Sf-21 cells at 24 h or early times postcoinfection. These findings indicate that the lack of BmNPV DNA replication was responsible for the dramatic drop in the recombination frequency after BmNPV-AcMNPV coinfection. On the basis of in vitro transposition studies by using AcMNPV sequences, Martin and Weber (35) also found that high-frequency recombination is strictly dependent upon viral DNA replication. More recently, Crouch and Passarelli (8) have shown by cotransfection studies that a subset of AcMNPV genes that are involved in DNA replication is required for high-frequency homologous recombination of AcMNPV.
VOL. 77, 2003 HOMOLOGOUS RECOMBINATION BETWEEN BACULOVIRUSES 13059
Wild-type baculoviruses are used as safe and effective biopesticides in the Americas, Europe, and Asia, with particular success in Brazil for the protection of soybean (43) . The general use of baculoviruses in developed countries, however, has been limited primarily due to their slow speed of kill compared to synthetic chemical pesticides. The speed of kill of the wildtype baculovirus has been significantly improved by genetic engineering (reviewed in reference 21). Public concern, however, has been raised over the release of genetically modified baculoviruses into the field (6, 14) . One focus of this concern has been the potential risk of the drift through either homologous or heterologous recombination of, for example, an insect-selective scorpion toxin gene carried by the recombinant baculovirus. The findings of the present study provide insight into the recombination frequencies that are obtained under the most optimal laboratory conditions (i.e., recombination between identical viruses after coinfection of cultured cells at a known MOI). Under these optimal conditions, we found that the recombination frequency was high. One would expect, however, that under suboptimal conditions (e.g., recombination between heterologous viruses or within the larval host) such as those found in the field, the recombination frequency or potential of recombination should be significantly lower. In the present study, the detected recombination frequency in larva was roughly 50-fold lower than that observed in vitro. We also found an ϳ30-fold drop in the recombination frequency even between two highly homologous baculoviruses when both viruses were not able to replicate their DNAs. We believe that future risk assessment studies will be greatly enhanced by the recent availability of the complete genome sequences of numerous other baculoviruses (18) . By using baculoviruses that show lower and lower homology for coinfection studies, one may be able to extrapolate the relationship between baculovirus heterogeneity and recombination frequency, thus getting a better understanding of the relative risks associated with the use baculovirus insecticides.
